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摘     要 
 
烯烃氢甲酰化催化剂经过 60 多年的发展 有许多催化剂被研制出来
如烃溶性的 Rh-TPP 三苯基膦 系催化剂 固载型烃溶性催化剂 SLPC
含磺酸化 钠盐 三苯基膦单齿配体 如 TPPTS P(m-C6H4SO3Na)3 的铑
膦系水溶性催化剂 负载水相催化剂 SAPC 等体系 和所有均相催化反
应一样 采用均相 Rh-TPP 系催化剂进行丙烯氢甲酰化 存在催化剂分离问
题 虽然 SLPC部分克服了均相反应的缺点 但未能解决底物通过多相的传
质问题使反应催化活性下降和铑从载体上脱落等问题  
70 年代中期出现的水溶性金属配合物催化剂在很大程度上简化了催化
剂的分离回收过程 1984年 Ruhrchemie公司和 Rhône-Pulenc公司第一次
成功地将 Kunz水溶性铑膦配合物 即 HRh(CO)(TPPTS)3 用于水/有机两相
催化体系催化丙烯氢甲酰化的工业生产 简称 RCH/RP 过程 该过程与已
有的均相催化过程相比 显示出的环境效益和经济效益 大大地促进了有关
水/有机两相催化体系的基础研究和应用开发研究 已成为目前最为活跃的研
























比非纳米硅胶负载型水相催化剂以及水/有机两相催化体系高 1-10 倍 略低
于表面活性剂 CTAB 修饰的水/有机两相催化体系的活性 而纳米硅胶负载
型水相催化剂的铑流失比 CTAB修饰的水溶性催化剂低近一个数量级  
2 纳米硅胶负载型水相催化剂与非纳米硅胶负载型水相催化剂相比 具有
较宽的最佳含水量范围 达 15~20 wt% 其最佳含水量范围与纳米硅胶的种
类 催化剂中的膦铑比等因素无密切关联  




分子和反应物分子相互作用和扩散 从而表现出较高的催化活性  
4 烯烃在纳米硅胶负载型水相催化剂上的氢甲酰化遵循业已建立的水/有机
两相催化体系中的催化作用机理 反应条件包括烯铑比 膦铑比 压力等均
对催化剂性能有较大的影响  
5 载体表面的酸性位和体系中吸附的分子氧将导致纳米硅胶负载水相催化
剂中配合物分子中配体 TPPTS的解络直至氧化成弱配位能力的 OTPPTS 使
催化活性降低 在催化剂中添加适量碱性盐并经真空脱气 可有效地抑止水





关键词 纳米硅胶 负载水相催化剂 水溶性铑膦络合物 氢甲酰化 1-己

















  Many kinds f catalysts active fr hydrfrmylatin f lefins have been 
develped in the last mre than sixty years. These are including the hydrphbic 
Rh-TPP [TPP: triphenylphsphine, P(C6H5)3] cmplexes, the supprted liquid 
phase catalysts (SLPC), the water-sluble phsphine-Rh cmplexes cntaining 
TPPTS [TPPTS: trisdium salts f tri-(m-sulfphenyl)-phsphine, 
P(m-C6H4SO3Na)3] ligand and the supprted aqueus phase catalyst (SAPC). As 
fr all hmgeneusly catalyzed reactins the prblem f separating the 
hmgeneusly disslved catalyst is immanently disadvantageus. The difficult 
separatin between the catalyst like Rh-TPP and the reactin prducts after 
reactin culd nly be vercme by expensive recycle prcess. The SLPC greatly 
facilitates the separatin f catalyst-prducts and the recycling use, but it shws 
the drp f catalytic activity due t the mass transfer in hetergeneus catalysis 
and the rhdium leaching frm its carriers. 
  The applicatin f water-sluble metal-cmplexes as catalysts since 1973 
ffered the chance t separate catalyst and reactin prducts just by decantatin. 
The new technlgy cmmercially applied fr hydrfrmylatin f prpene by 
emplying the water-sluble phsphine-Rh cmplex i.e., HRh(CO)(TPPTS)3, as 
catalyst was firstly reprted by Ruhrchemie/Rhône-Pulenc (RCH/RP prcess) 
with great success in 1984. The advantages f this technique ecnmically and 
eclgically cmpared t the crrespnding hmgeneus prcess make the 
biphasic catalyst system becme increasingly imprtant bth fr industrial 
applicatin and fr new reactins and new prducts, and thus becme ne f the 
mst active research fields currently. The prblem f lw reactivity f higher 














higher lefins in the water phase, hwever, remains t be slved. There are 
several attempts t vercme the prblem f lw reactin rate in the higher lefin 
hydrfrmylatin using biphasic catalyst system. Here are summarized briefly as 
fllwings: (1) use f amphiphilic water-sluble ligands, (2) use f c-slvent r 
surfactant (fr example: CTAB), (3) temperature cntrlled switch f the catalyst 
system frm the aqueus phase t rganic phase, (4) use f SAPC. The results in 
literature shwed that the SAPC, which integrated the advantages f the higher 
reactivity in the hmgeneus catalysis int the easy separatin f catalyst and 
reactin prducts in the hetergeneus catalysis, was applicable fr 
hydrfrmylatin f lwer and higher lefins.  
  The present wrk shed sme light n the imprvement and develpment f 
SAPC system fr the hydrfrmylatin f higher lefins by using nanmeter 
silicas as supprts. Wrks in the present thesis were fcused n the catalytic 
perfrmance and mechanism f the nan-SiO2-SAPC fr the reactin. Several 
significant results are described as fllws. 
  (1) The catalytic activity f nan-SiO2-SAPC was 1-10 times higher than that 
f cnventinal prus-SiO2-SAPC and that f biphasic catalyst system under the 
identical reactin cnditins, but slightly lwer than that f 
biphasic-CTAB-system. While the rhdium cntent in the prduct phase in the 
case f nan-SiO2-SAPC was abut ne magnitude lwer than that in the case f 
biphasi-CTAB-system. 
  (2) The nan-SiO2-SAPC culd be perated effectively in a wide range f 
supprt hydratin range (ranging scpe f 15-20 wt%), yielding a high reactin 
rate and selectivity, while nly a very narrw range f water hydratin did the 
cnventinal prus-SiO2-SAPC shw a maximum f activity. The best hydratin 














nan-SiO2 and the L/Rh rati under the present experiments. 
  (3) The characterizatins f SAPC and the nanmeter silicas by means f BET, 
SEM, TEM, 31P-NMR and pyridine-TPD techniques revealed that there existed 
abundant ne-dimensinal mespres in the nanparticles f silicas and that the 
water-sluble cmplex HRh(CO)(TPPTS)3 in the nan-SiO2-SAPC kept its 
tripd-bipyramid structure as in aqueus slutin. Therefre, it is deduced that 
the mespres wuld be beneficial fr the interactin between the reactant and 
the active sites and the diffusin f reactant and prducts, which then resulted in 
the higher catalytic perfrmance f nan-SiO2-SAPC.  
  (4) The catalytic mechanism f hydrfrmylatin using nan-SiO2-SAPC was 
in line with that reprted in the biphasic system. The catalytic perfrmances were 
influenced by the mlar rati f lefin t rhdium, the mlar rati f ligand t 
rhdium, the ttal pressure and s n. 
  (5) The existences f weak Lewis acid sites at the surface f nan-silicas and 
xygen mlecules in the system culd cause a de-crdinatin f the water-sluble 
phsphine-Rh cmplex and an xidatin f ligand TPPTS liberated frm the 
cmplex t OTPPTS during the catalyst preparatin and reactin, and thus 
resulted in the deactivatin f the nan-SiO2-SAPC. The additin f basic alkali 
metal salts int the nan-SiO2-SAPC alng with a vacuum pretreatment 
effectively depressed the de-crdinatin and xidatin. 
  (6) The nan-SiO2-SAPC was reusable fr lefin hydrfrmylatin fr several 
times withut decrease in the catalytic activity and selectivity. Hwever, the 
decline in the catalyst hydratin due t the extensive extractin f rganic phase 
during the catalytic reactin culd cause a drp in the catalytic activity. The 
activity drp due t the water lse culd be recvered t the riginal level by 
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第一章 绪    论 
 
1.1  引  言 
氢甲酰化反应 也称 OXO 反应 是烯烃与合成气反应生成碳链上多一
个碳原子的醛类的反应 这类反应最早是 Relen于 1938年在德国鲁尔化学
公司从事费托合成中发现的[1-4] 以端烯烃为例 其反应方程式为  
RCH CH2 + H2 + CO RCH2CH2CHO + RCHCHO   
CH3  
这是一个热力学上有利的强放热反应 常温常压下的反应热一般大于
100 kJ/ml[5] 部分烯烃常温常压下氢甲酰化反应的热力学数据见表 1-1  
 
表 1-1  几种烯烃氢甲酰化的反应热数据  
烯烃种类 乙烯 丙烯 1-己烯 1-庚烯 1-辛烯 
∆H 298o (kJ/mol) -130.2 -111.3 -125.2 -122.6 -113.4 
 
这一反应一般需要在催化剂存在的条件下才能进行 以 1-己烯为例 通
常有如下反应与之竞争  
1 加氢反应  
CH3(CH2)3CH CH2 + H2 CH3(CH2)4CH3  
∆H298o -124.3 kJ/mol 
CH3(CH2)5CHO + H2 CH3(CH2)5CH2OH   
∆H 298o -83.2 kJ/mol 
2 异构化反应  
CH2CH3(CH2)3CH CHCH3 CH3(CH2)3CH  














除反应活性以外 评价这一反应的指标主要有以下几个   
1. 选择性 一般会有上述的三种副反应发生  
2. 区位选择性(n/i) 即产物中正异构醛的物质的量比例 由于正构产物
在实际应用中一般比异构产物具有更高的应用价值[6] 因此 这一指标也较
为重要  






生产邻苯二甲酸二丁酯 DBP 和邻苯二甲酸二辛酯 DOP 增塑剂 大量
用于聚氯乙烯塑料 丁醇也可用作溶剂和浮洗剂 高碳 C12~C15 醇则是
用作合成洗涤剂和表面活性剂的原料[5,11] 在氢甲酰化反应基础上 可以直




1.2  均相反应催化烯烃氢甲酰化 



















[23-24] 其中前三种是均相催化过程 第四种是两相催化过程  
 





工业化时间 1946年 1964年 1976年 1984年 
温度(º C) 110-180 160-200 85-115 50-130 
压力 Mpa  20-35 5-10 1.5-2.0 1-10 
金属浓度  0.1-1.0 0.5-1.0 0.01-0.001 0.001 
n/i (mol/mol) 80/20 88/12 92/8 95/5 
产物中醛  80 10 96 96 
产物中醇  10 80 - 1.8 
产物烷烃  1 5 2 0.6 
其它产物  9 5 2 1 
 
在氢甲酰化的各种催化剂中 活性金属以铑和钴居多 对于一些易于形
成羰基化合物的金属 它们的相对活性 如果以羰基钴的氢甲酰化活性为 1
则有如下规律[25-28]  
 
金属种类 Rh Co Ru Mn Fe Cr,Mo,W,Ni 




合物 YCCO3(CO)9, Y=C3H7 Ph H Cl 的氢甲酰化活性 在原位红外光


















导期相对于单中心催化剂低 2-3个数量级[35]  
在烯烃氢甲酰化催化机理方面 现在普遍接受的是 1968年Wilkinson提
出的烯烃缔合机理[36] 如图 1-1 所示 认为由 L2Rh(CO)H(alkene)转化成
L2Rh(CO)(alkyl)是催化剂区位选择性的决定步骤 在一定的温度和 CO 压力
















































   
 
 














此外 还有膦配体解离机理 CO解离机理等 这几种机理均不同程度
的得到试验支持 现在一般认为可能是几种机理同时存在[41-45]  
反应条件对于均相氢甲酰化反应有着重要的影响[46-53] 一般来讲 对于
铑膦络合物催化剂 温度升高促使反应速率增加 但是产物醛的正异构比降
低 提高氢气分压有利于反应速率 提高一氧化碳分压先是促进反应 继续










化活性与配体的碱性成平行关系 即 Ph3P>>Ph3N>>Ph3As P.Suomalainen
等用基团 -SCH3, -N(CH3)2, -OCH3或-CF3 取代三苯基膦上苯环的邻位或对
位得到的一系列新配体催化 1-己烯和丙烯氢甲酰化 也发现配体的 σ供电子
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